Objective: To validate serum neutrophil gelatinase-associated lipocalin (NGAL) as an early biomarker for acute kidney injury in critically ill children with septic shock.
A cute kidney injury (AKI), formerly known as acute renal failure, is a very common and potentially devastating problem in critically ill children and adults.
The reported incidence of AKI in this population varies greatly due to the lack of a standard, consensus definition. For example, AKI affects between 5% and 50% of critically ill patients in reported series (1) (2) (3) (4) (5) . Unfortunately, the mortality and morbidity associated with AKI remain unacceptably high (up to 80% mortality in critically ill children and adults with multiple organ dysfunction syndrome, or MODS). While this dismal prognosis is partly attributable to other comorbid conditions, recent studies have revealed that AKI may be an independent risk factor for mortality in both critically ill children (5) (6) (7) and adults (8 -11) . In addition, the treatment of AKI imposes an enormous financial burden on society, with annual U.S. medical expenditures approaching $8 billion in adults alone (12) . Effective treatments to prevent AKI are lacking, and management is largely directed toward reversing the underlying cause (e.g., renal ischemia secondary to hypotension) and providing supportive care. Supportive care in the pediatric intensive care unit (PICU) has traditionally included optimizing fluid status and avoiding potentially nephrotoxic medications, as well as maintaining cardiorespiratory stability with vasoactive medications and mechanical ventilatory support. Renal replacement therapy (RRT) is the only available, proven therapy for critically ill children with AKI, and studies suggest that early initiation of RRT significantly improves survival in children with AKI secondary to septic shock and MODS (13) (14) (15) (16) .
Sepsis and its related syndromes account for significant morbidity and mortality in critically ill children, accounting for nearly 4,500 deaths and close to $2 billion per year in healthcare expenditures in the United States alone (17) . Shock and subsequent multiple organ dysfunction are significant risk factors for mortality in these patients. Sepsis remains a significant risk factor and one of the leading causes of AKI in critically ill children (3-6, 13, 14, 18 -21) .
In current clinical practice, AKI is typically diagnosed by measuring serum creatinine. However, it is well known that creatinine is an unreliable and insensitive indicator during early, acute changes in kidney function. First, serum creatinine concentrations may not change until about 50% of kidney function has already been lost. Second, serum creatinine does not accurately depict kidney function until a steady state has been reached, which may require several days (22) . Thus, the use of serum creatinine significantly impairs our ability to both detect and quantify renal damage during the early, crucial stages of AKI when RRT may have the highest potential for improving outcome.
Serum neutrophil gelatinase-associated lipocalin (NGAL) is a highly sensitive, specific, and predictive, early biomarker for AKI in a wide range of different disease processes (12) . For example, serum NGAL concentrations Ͼ25 g/L reliably predicted AKI in children at 2 hrs following cardiopulmonary bypass with 70% sensitivity and 94% specificity (23) . Therefore, we hypothesized that serum NGAL may also be an early biomarker of AKI in critically ill children with septic shock.
METHODS
Patients. All study subjects were drawn from a database generated by an ongoing, multi-institutional research program focused on the genomics of pediatric systemic inflammatory response syndrome (SIRS) and septic shock (24) . We analyzed the serum samples and clinical data from all of the subjects enrolled in the database at the time of our analysis. The study protocol was approved by the individual institutional review board of each participating institution. Children Ͻ10 yrs of age admitted to the PICU and meeting criteria for septic shock were eligible for the study. Sepsis and related syndromes (SIRS, sepsis, severe sepsis, and septic shock) were diagnosed according to the definitions of the American College of Chest Physicians/Society of Critical Care Medicine (25) modified specifically for pediatrics (26) . Control patients were recruited from the participating institutions using the following exclusion criteria: any acute illness, a recent febrile illness (within 2 wks), recent use of anti-inflammatory medications (within 2 wks), or any history of chronic or acute disease associated with inflammation. The control patients were recruited from children referred to an outpatient phlebotomy laboratory for routine blood tests or from children with acyanotic congenital heart disease undergoing cardiac catheterization. Severity of illness was calculated using the Pediatric Risk of Mortality (PRISM) III score (27) . Organ failure was defined according to previously published criteria (28 -30) , and for the pur-poses of this study, AKI was defined as a blood urea nitrogen concentration Ͼ100 mg/dL, serum creatinine Ͼ2 mg/dL in the absence of preexisting renal disease, or the need for dialysis (28 -30) . Annotated clinical and laboratory data were collected daily while in the PICU. All study patients were followed for 28 days to determine survival. Clinical, laboratory, and biological data were entered and stored using a Web-based database developed at our institution.
Sample Collection. After patients gave informed consent, blood samples were obtained within 24 hrs of admission to the PICU into tubes without anticoagulants for collection of serum. A second blood sample was obtained on the third day of admission to the PICU. Samples were centrifuged at 2000 ϫ g for 30 mins at 4°C and stored in 50-L aliquots at Ϫ80°C in order to avoid multiple freeze-thaw cycles.
NGAL Enzyme Linked-Immunosorbent Assay. The serum NGAL enzyme linkedimmunosorbent assay was performed as previously described (23) with some modifications. Briefly, microtiter plates precoated with a mouse monoclonal antibody raised against human NGAL (HYB211-05, AntibodyShop, Gentofte, Denmark) were blocked with buffer containing 1% bovine serum albumin, coated with 100 L of serum samples or standards (NGAL concentrations ranging from 1 to 1000 ng/mL, Randox Laboratories, Crumlin, UK), and incubated with a biotinylated monoclonal antibody against human NGAL (HYB211-01B, AntibodyShop) followed by avidin-conjugated HRP (Dako, Carpinteria, CA). TMB substrate (BD Biosciences, San Jose, CA) was added for color development, which was read after 30 mins at 450 nm with a microplate reader (Benchmark Plus, BioRad, Hercules, CA). All measurements were made in triplicate. The interassay and intra-assay coefficient variations were 5% to 10%. The laboratory investigators were blinded to the sample sources and clinical outcomes until the end of the study.
Statistical Analysis. Data were analyzed using SigmaStat for Windows version 3.11 software (Systat Software, San Jose, CA). Serum NGAL levels were expressed as median and interquartile range due the nonparametric nature of the data. The primary outcome variable was the development of AKI, as defined previously. Categorical variables were compared using the chi-square test or Fisher's exact test, as indicated. Continuous variables were compared using Mann-Whitney test and Kruskal-Wallis analysis of variance with the Dunn post hoc test, as indicated. The associations between variables were assessed by Spearman rank order correlation analysis. To measure the sensitivity, specificity, positive predictive value, and negative predictive value of serum NGAL for the prediction of AKI, receiver operating characteristic curves were generated and the area under the curve was calculated (31) . An area under the curve of 0.5 is no better than expected by chance, whereas a value of 1.0 signifies a perfect biomarker (12) . Univariate regression analyses were performed to determine which factors were associated with increased risk of AKI. For purposes of model building, variables that were associated with increased risk of AKI at p Յ .10 were included in a list of potential independent risk factors in multivariate regression analysis, with AKI the dependent variable. We considered p Յ .05 as statistically significant.
RESULTS
We prospectively measured serum NGAL concentrations during the first 24 hrs of admission to the PICU in 143 critically ill children and 25 healthy children. Children in the healthy control group were younger than the children with either SIRS or septic shock, although the groups were otherwise similar, with the exception of a higher PRISM III score, longer PICU length of stay, increased number of organ failures, and higher mortality in the children with septic shock (Table 1 ). There was a significant difference in serum NGAL between healthy children (median 80 ng/mL, interquartile ratio [IQR] 55.5-85.5 ng/mL), critically ill children with SIRS (median 107.5 ng/mL, IQR 89 -178.5 ng/mL), and critically ill children with septic shock (median 302 ng/mL, IQR 151-570 ng/mL; p Ͻ .001). In addition, serum NGAL was significantly increased in critically ill children with septic shock compared with critically ill children with SIRS, reflecting the greater severity of illness in these children ( Fig. 1 ).
AKI developed in 22 of 143 (15.4%) critically ill children-all but four of these critically ill children had septic shock. In general, critically ill children who developed AKI had a greater severity of illness as determined by PRISM score, median number of organ failures during the first week of hospitalization, and length of PICU stay compared with those critically ill children who did not develop AKI ( Table 2 ). There was a nonsignificant trend (p ϭ .08) for critically ill children with septic shock to develop AKI compared with critically ill children with SIRS. Consistent with the definition of AKI used in this cohort, serum creatinine was significantly increased in critically ill children with AKI ( Table 2) .
Serum NGAL did not correlate significantly with serum creatinine concentration on day 1 following PICU admission.
AKI developed within the first 7 days of admission to the PICU (median 1 day following admission, range 1-6 days). Serum NGAL concentrations within 24 hrs of PICU admission were significantly increased in these children (median, 355 ng/mL; interquartile range, 166 -1322 ng/mL) compared with children who did not develop AKI (median, 186 ng/mL; interquartile range, 98 -365 ng/mL; p ϭ .009) (Fig. 2) . A second sample was obtained on the third day of admission to the PICU in 113 critically ill children, representing 79.0% of the total cohort. Serum NGAL measured on day 1 did not correlate with the measurement per-formed on day 3 of admission to the PICU. However, the difference between critically ill children with AKI (median 450 ng/mL, IQR 185-980 ng/mL) and critically ill children without AKI (median 122 ng/mL, IQR 96 -345 ng/mL; p Ͻ .001) remained significant (Fig. 3) . Figure 4 shows the receiver operating characteristic curve of serum NGAL on admission to the PICU for the prediction of AKI. The area under the curve was 0.677 (95% confidence interval 0.557-0.786; p ϭ .008) with an optimal cutoff value of 139 ng/mL (sensitivity 86%, specificity 39%, positive predictive value 39%, negative predictive value 94%).
Twelve children did not survive (28day mortality, 8.4%). Four of the 22 critically ill children with AKI did not survive (mortality, 18.2%) vs. 8 of 121 critically ill children without AKI (mortality 6.6%), although the difference was not significant (p ϭ .2). There were no significant differences in serum NGAL concentrations between survivors (median, 188 ng/ mL, IQR 107-395 ng/mL) and nonsurvivors (median, 295 ng/mL, IQR 131-933 ng/mL; p ϭ .2).
Using univariate regression analysis, serum NGAL (p ϭ .007), the diagnosis of septic shock (p ϭ .048), serum creatinine (p Ͻ .001), total number of organ failures (p Ͻ .001), and PRISM score (p ϭ .04) were associated with an increased risk of AKI. However, upon subsequent multivariate analysis, only serum creatinine (odds ratio 66.8, 95% confidence interval 6.9 -640.4; p Ͻ .001) and total number of organ failures (odds ratio 14.3, 95% confidence interval 2.7-74.3; p ϭ .002) remained significant predictors of AKI.
DISCUSSION
This is the first study of critically ill children with SIRS/septic shock to undergo prospective evaluation of serum NGAL as a biomarker for AKI. Herein we show that serum NGAL is significantly increased within the first 24 hrs of admission to the PICU in critically ill children with septic shock compared with both healthy controls and critically ill children with SIRS. In addition, serum NGAL is significantly increased within the first 24 hrs and remains increased at day 3 following admission to the PICU in critically ill children who develop AKI compared with critically children who do not develop AKI. Serum NGAL therefore appears to be a highly sensitive predictor of AKI in this population. In contrast to previous studies (5-7), the mortality rate in critically ill children with AKI was not significantly different from those critically ill children without AKI. The relatively low mortality rate in our overall cohort (8.4%) may have confounded this observation, and so the study may have been underpowered to detect a significant association between AKI and mortality.
NGAL is a 25-kDa protein that is expressed at very low concentrations in several human tissues, including the kidney, lungs, and gastrointestinal tract (32, 33) . It is highly up-regulated in injured epi- thelial cells. For example, increased NGAL concentrations have been found in the blood of patients with acute infections as well as the bronchoalveolar lavage fluid of patients with lung disease (34) . It is therefore not surprising that we found a significant difference in serum NGAL concentration between critically ill children with SIRS vs. septic shock, even in the absence of AKI. In this regard, serum NGAL may also be a marker of MODS, similar to C-reactive protein, procalcitonin, or interleukin-6 (35, 36) . Future studies are needed to address this question further, but it is tempting to speculate that serum NGAL could be used as a biomarker of severity of illness in critically ill children with septic shock and MODS. While an interesting question, at least in the current study, serum NGAL was not significantly different between survivors and nonsurvivors, which may limit its utility as a marker for MODS. NGAL is also highly up-regulated in the epithelial cells of the proximal renal tubule following ischemia, and preclinical studies suggested that NGAL was eas-ily detected in the urine relatively early in mouse and rat models of renal ischemiareperfusion injury (37) . Subsequently, several clinical studies have shown that urine and serum NGAL is a highly sensitive, specific, and predictive early biomarker for AKI in a wide range of different disease processes (23, 34, 38 -41) . In the current study, receiver operating characteristic analysis suggested that a serum NGAL cutoff value of 139 ng/mL within the first 24 hrs of admission to the PICU is highly sensitive for predicting AKI, albeit with relatively poor specificity. However, serum NGAL was measured in critically ill children within the first 24 hrs of admission to the PICU, which is not necessarily the first 24 hrs of their disease process. In fact, the vast majority of these children developed AKI within the first 24 hrs of admission to the PICU. We would therefore expect the serum NGAL concentrations to be much higher in critically ill children with septic shock and evolving kidney injury. The results of the current study support this argument.
Mishra et al. (23) demonstrated that urine and serum NGAL concentrations at 2 hrs following cardiopulmonary bypass were significantly predictive of AKI. Urine NGAL concentrations Ͼ50 g/L reliably predicted AKI in children at 2 hrs following cardiopulmonary bypass, with 100% sensitivity and 98% specificity. While serum NGAL concentrations were not as robust in this study, concentrations Ͼ25 g/L had 70% sensitivity, 94% specificity, 82% positive predictive value, and 89% negative predictive value. Cardiopulmonary bypass represents a temporally predictable injury to the kidneys, and earlier detection of AKI may be more feasible in this population. In the current study, serum NGAL in healthy children was much higher (median 80 ng/mL, IQR 55.5-85.5 ng/mL) than the serum NGAL in children with AKI following cardiopulmonary bypass. The serum NGAL levels measured in healthy controls in that study were consistently Ͻ10 g/L. These differences are likely related to the different techniques used to measure NGAL in the two studies. In support of this argument, the serum NGAL concentration of control patients in a recently published study that used the same technique as that of the current study ranged between 35 and 50 ng/mL (42) .
Urine NGAL concentration, which was not measured in this cohort, may represent a more robust biomarker for AKI (23). Zappitelli et al. (43) recently showed a correlation between urine NGAL concentration (standardized to urine creatinine concentration) and se-verity of AKI in 103 critically ill children, including children with sepsis. More important, urine NGAL concentration was an earlier marker of severe AKI compared with serum creatinine measurements. Finally, there is likely a range of values for urine and serum NGAL concentrations that lie along a continuum from reversible to irreversible AKI. This particular threshold is not known, and thus the threshold at which to institute continuous RRT and/or other therapeutic measures to prevent irreversible, permanent damage to the kidney is also not known. The lack of a standard, uniform, accepted definition of AKI has heretofore posed a significant limitation in advancing this field. For example, Ͼ50 different definitions have been used in the AKI literature, making potential comparisons across studies and populations virtually impossible (44) . The Acute Dialysis Quality Initiative group recently proposed the RIFLE (R ϭ risk, I ϭ injury, F ϭ failure, L ϭ loss, E ϭ end-stage renal disease) criteria for AKI (45) . These criteria have been validated in several different populations by several independent groups (46) , including critically ill children (7) . However, recent data suggest that even smaller changes in serum creatinine than those defined by the RIFLE criteria are associated with adverse outcome (46, 47) . Consequently, the Acute Kidney Injury Network has proposed a new, revised classification that defines AKI as an abrupt (within 48 hrs) reduction in kidney function as measured by an absolute increase in serum creatinine Ն0.3 mg/dL, a percentage increase in serum creatinine Ն50%, or documented oliguria (Ͻ0.5 mL/kg/hr) for Ͼ6 hrs (46) . Serum and urine NGAL may be a more robust biomarker of AKI using this new definition.
CONCLUSIONS
Serum NGAL is a highly sensitive predictor of AKI in critically ill children with septic shock. The ability of biomarkers, such as NGAL, to discern both the onset and resolution of AKI will further validate their use in the clinical setting and greatly enhance our understanding of AKI in the pediatric population. Further validation of serum and urine NGAL as biomarkers of AKI in this population will require a multicenter cohort study. 
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